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INVESTIGATION OF SITES LIQUEFIED 
DURING TAIWAN CHI-CHI EARTHQUAKE 
Sheng-Huoo Ni Horng-Yuan Lai 
National Cheng-Kung University National Cheng-Kung University 
Tainan, Taiwan, 70101, R.O.C. Tainan, Taiwan 70101, R.O.C. 
ABSTRACT 
The purpose of this paper is to present the geotechnical investigation results of some liquefaction sites in central Taiwan, including 
Nantou City and Zhanghua County during Chi-Chi Earthquake, 1999. The major damages caused by liquefaction in these sites are 
also presented. The several methods used to evaluate the liquefaction potential are used to assess these sites. The suitability of these 
methods to assess these sites is discussed in this paper. 
INTRODUCTION 
An earthquake scaled as Richter magnitude of 7.3 hit central 
Taiwan at the mountainous village called Chi-Chi at 1:47:12 
a.m. on Sept 21, 1999. The measured maximum seismic 
accelerations located at lat. 23” 52.70’ E. and long. 120”41.06’ 
N. (monitoring station TCU 129) were 983 gal in E-W 
component, 611 gal in N-S component, and 335 gal in vertical 
component, respectively. The earthquake is the strongest ever 
recorded in Taiwan for the past 100 years. The destructive 
earthquake caused a serious disaster throughout the six 
counties of central Taiwan, especially in Yunlin, Zhanghua, 
Nantou, and Taichung County. Many areas and structures, 
including free fields, building foundations, riversides, 
embankments, retaining walls, harbor structures, etc., were 
destroyed due to soil liquefaction. 
The purpose of this paper is to present the geotechnical 
investigation results of liquefaction sites during earthquake 
and major damages caused by liquefaction. The paper will 
present some of liquefaction cases induced by this earthquake 
with the point of geotechnical engineering view. The main 
focus in this paper is on trying to interpret the reasons of why 
the soil liquefied and damage of structure during this 
earthquake. 
DISTRIBUTION OF LIQUEFACTION DURING CHI-CHI 
EARTHQUAKE 
The liquefaction cases of Chi-Chi Earthquake are more 
widespread and serious than other previous records in Taiwan. 
Hence, these liquefaction phenomena attracted much attention 
from society and geotechnical engineering circles. The 
distribution of liquefaction sites in central Taiwan, including 
Miaoli, Taichung, Nantou, Zhanghua, Yunlin, and Jiayi 
County, is shown as Fig. 1. 
Figure 2 is the grain size distribution curves of boiled sands 
from several liquefaction sites in central Taiwan. It is clear 
that all the curves are almost inside the boundaries for 
potentially and the most liquefiable soils (D,, are about 
0.08-0.2mm), and most the soils are SM. 
LIQUEFACTION POTENTIAL EVALUATION METHODS 
There are many methods to assess the liquefaction potential, 
and simplified methods using SPT-N data are more popular. 
The simplified methods used in this paper include Seed’s 
method (Seed et al., 1983, 1985), method of Japan Road 
Association (1990, JRA method), new method of Japan Road 
Association (I 996, NJRA method), Tokimatsu and Yoshimi’s 
method (Tokimatsu and Yoshimi, 1983), method of Chinese 
Building Codes (CBC method, National Standards of the P. R. 
of China, 1989), and Arias intensity method (Kayen and 
Mitchell, 1997). The factors of liquefaction resistance for the 
CBC method are SPT-N value and clay content, and the others 
are SPT-N value and fines content. The form of liquefaction 
resistance for the CBC method is the critical SPT-N value, 
Arias intensity method is Arias intensity of energy- 
consideration, and the others is the cyclic shear stress ratio. 
An ability to resist liquefaction at a given depth of grounds 
can be evaluated by the safiy factor FL. However, the damage 
to structure due to soil liquefaction is considerably affected by 
the severity of liquefaction degree. In view of this fact, 
lwasaki et al (1982) proposed the liquefaction potential index, 
P,, defined by Eq. 1 to estimate the severity of liquefaction 
degree at a given site. 
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Grain size distribution curves of boiled sands from 
liquefaction sites in Chi-Chi Earthquake. 
f,, -f” F(z)W(z)dz (z=O-20m) (1) 
where F(z)=coeff. of liquefaction resistance (= 1 - FL 2 0 ) 
W(z)=weighting coeff. of depth ( = 10 - 0.5~ ) 
Iwasaki et al. suggested the following judgement indices by 
studies on cases in Japan: 
I 
PL. = 0 : Liquefaction risk is very low, 
O<P, 15: Liquefaction risk is low, 
5<P, 115: Liquefaction risk is high, 
PL >15: Liquefaction risk is very high. 
The CBC method has used the liquefaction index, Z,,k , to 




where N, = measured SPT-N value of the i-th soil layer 
N,,, = critical SPT-N value of the i-th soil layer 
d, = depth of the i-th soil layer 
w, = weighting coeff. of depth 
Therefore, the degree of liquefaction by Eq. 2 for the CBC 
method, and Eq. 1 for other SPT-N methods can be estimated. In 
fact, the CBC method quotes the idea of Iwasaki’s suggestion. 
The depth evaluated by the CBC method is within 15m while 
Iwasaki’ suggestion is 20m. The horizontal PGA, surface Arias 
intensities, and liquefaction potential indices of liquefaction 
sites discussed in this paper are shown in Table 1. The 
geological boring data of liquefaction sites discussed in this 
paper are provided by the National Center for Research on 
Earthquake Engineering (Taiwan). 
Table 1, The horizontal PGA, Arias intensities, and 
liquefaction potential indices of boring holes of 
liquefaction sites in Chi-Chi Earthquake. 
LIQUEFACTION INVESTlGATION IN NANTOU CITY 
The distribution of liquefaction disasters induced by Chi-Chi 
Earthquake in Nantou City is mainly along the sides of 
Maoluo River and its branches (Fig. 3). Jungongliao 
(Jungong-Li), where is about 15 km from the epicenter, is the 
most serious area of liquefaction disasters in Nantou City. 
l Liquefaction Site 
NANTOU CITY 
I b km 
Fig. 3. Distribution of liquefaction sites in Nantou City 
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(Redrawn after NdREE et al., 2000). 
According to the data from the station at Nantou Elementary 
School (TCU 076, 15.25 km away from the epicenter), the 
PGA is 340 gal in E-W component, and 420 gal in N-S 
component. It is thus clear that the seismic wave of Chi-Chi 
Earthquake in Nantou City was very violent. 
There were many buildings tilted and settled with a great deal 
of boiled sand in Jungongliao. As shown in Fig. 12, a building 
inclined backward by liquefaction, the foundation soil was 
exposed, and the concrete floor cracked due to sand boils. The 
right side of Fig. 4(a) shows that a new three-story building at 
the north end of Jungong Bridge inclined 3” backward 
(southeast). A two-story building at no. 308 on Chungshin 
Road settled non-uniformly (Fig. 4(b)). The front tilted 6” 
southwest, and the back tilted 7” northeast, i.e. the middle part 
had more settlement. Fig. 4(c) shows a crack of sand boils at a 
small banana farm. 
(4 (b) 
liquefied, the concrete plate settled non-uniformly and 
cracked. In addition, the lateral spreading of soil caused the 
concrete plate to move toward the river. The concrete plate at 
zone A cracked into two parts due to liquefaction, and the 
right part overlapped the left part. The overlapping also 
produced a tension crack on the right part. Due to lateral 
spreading, the right part of concrete plate has a displacement 
toward the river. 
(4 (b) 
Fig. 5. (a) A string of sand craters and (b) lateral 
spreading of soil on the flood plain of Maoluo 
River at Jungongliao in Nantou City 
Fig. 4. Buildings tilted backward by liquefaction at 
Jungongliao in Nantou City I /\ 
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Fig. 4. (c) The middle part of a two-story building settled 
by liquefaction and (d} a crack of sand boils at a 
small banana farm at Jungongliao in Nantou City 
Besides disasters of buildings, there were settlement of 
embankments, sand boils on the flood plain (Fig. 5(a)), lateral 
spreading of soil (Fig. 5(b)), and failure of revetments along 
the bank of Maoluo River. The investigation area of revetment 
failure near Lumei Bridge is sketched as Fig. 6. The failure 
cases are described as following. 
I. Zone A (Fig. 7): Because the soil under the revetment 
Fig. 6. Investigation area of liquefaction disasters on the 
flood plain of Maoluo River in Nantou Ciry. 
2. Zone B (Fig. 8): The failure type of this zone is very 
interesting. The concrete plate of the revetment cracked by 
the pushing force of lateral spreading because of soil 
liquefaction under the concrete plate and no steel bars 
existing in it. Fig. 8(c) shows the yielding lines of a RC 
plate with simply supported edges. The cracking lines as 
shown in Fig. 8(b) are very similar to the yielding lines in 
Fig, S(c). It is possible that the liquefied soil reduced the 
bearing capacity, and the self-weight as the uniform 
distributed load made the plate reach the condition of 
yielding failure. 
3. Zone C (Fig. 9): Because of the lateral spreading of soil on 
the flood plain, the concrete plate of the revetment was 
pushed to move toward the river. And because the pushing 
force of lateral spreading was not uniform, the concrete 
plate was also pushed in longitudinal direction and 
cracked (Fig. 9). There are three cracking lines in 
transverse direction, and the broken blocks were uplifted. 
4. Zone D (Fig. 10): The revetment of zone D is in stairway- 
type, which is composed by about 100cmx70cmx30cm 
concrete blocks. Hence, when liquefaction occurs, these 
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concrete blocks will be pushed as various types. In Fig. 10, 
the revetment was pushed toward the river by lateral 
spreading, and the concrete blocks of the toe of the 
revetment under water surface were pushed as an uplift 
form. 
(4 (b) 
Fig 7. Revetment failure at zone A of the bank of Maoluo 
River in Jungongliao. Dlrr‘hn 111 \<“lmla’nl Crmlmg L,rwr ! 






Fig. 8. (a)(b) Revetment failure at zone B of the bank of 
Maoluo River in Jungongliao. (c) Yielding lines of a 
RC plate with simply supported edges. 
Fig. 9. Revetment failure at zone C of the b;nk of Maoluo 
River in Jungongliao. 
Fig. IO. Revetment failure at zone D of the bank of Maoluo 
River in Jungongliao. 
5. Zone E (Fig. 1 I): The failure type of zone E is similar to 
zone D, but the size of the concrete block is about 
l50cm~150cm~SOcm. 
6. Zone F (Fig. 12): The failure type of zone F is similar to 
zone D and E. The top of the revetment raised vertically, 
and there is a difference of about 1.5m in height. 
Consequently, the concrete plate also moved toward the 
river with a relative displacement of 1 Sm. It is thus clear 
that the lateral spreading was very violent at the time. 
Fig. II. Revetmentfailure at zone E of the bank oj Maoluo 
River in Jungongliao. 
Fig. 12. Revetment failure at zone F of the bank of Maoluo 
River in Jungongliao. 
According to the boring data (Fig.l3(a) and (b)), the soil 
within about 8 m depth is silty sand (SM) with low SPT-N 
value (about lower than 15 blow counts). Furthermore, the 
results of most the liquefaction potential analysis methods are 
high liquefaction potential (Table 1, Nantou BH-7 and BH-14). 
(4 
(e) (0 w 
Fig. 13. The boring logs at (a) the flood plain of Maoluo 
River in Nantou City (BH-7); (b) Jungongliao in 
Nantou City (BH-14); (c) Huangtsuo Village in 
Datsun Town (BH-5); (d) Meigang Village in 
Datsun Town (BH-3); (e) Lunya-Li in Yuanlin Town 
(BH-28); fl Lunya-Li in Yuanlin Town (BH-29); 
(gi Shetou Town (BH-40). 
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It is possible that Jungongliao is on the alluvial plain of 
Maoluo River, and the horizontal PGA is very large (420 gal = 
0.428 g), therefore the liquefaction disaster is very serious. 
LIQUEFACTION INVESTIGATION IN ZHANGHUA 
COUNTY 
The major soil liquefied area happened in this county during 
this earthquake is located at the western foothill of Bagua 
Mountain. The places from north to south are Datsun Town, 
Yuanlin Town, and Shetou Town (Fig. 14). The soil layer is an 
alluvial deposit that is formed by Zhuoshui River. Bagua 
Mountain is located between Zhanghua County and Nantou 
County. The place at the western foothill of Bagua Mountain 
was pushed up during earthquake. The strong seismic wave 
(force) may cause the soil liquefaction along the foothill. 
0 Liquefachon Site 
YUN-LIN COUNTY 
0 20 40 km 
1 
Fig. 14. Distribution of liquefaction sites in Zhanghua 
County (Redrawn afier NCREE et al.. 2000). 
In Datsun Town 
Datsun Town is located at the western foothill of Bagua 
Mountain. Liquefaction sites were mainly found in Huangtsuo 
and Meigang Viliage. The distance from the site to the 
epicenter is about 28 km. The closest monitoring station is 
located at Yuanlin Elementary School (TCUllO, 27.5 km 
away from the epicenter). The PGA is 188 gal in E-W 
component, and 178 gal in N-S component. Many houses and 
buildings are tilted and settled. Fig. 15(a) show a two-story 
building located at Meigang Road settled uniformly due to soil 
liquefaction. However, no serious damage was found in the 
structure except settlement. Many obvious sand boils were 
also found in the free field in this area as shown in Fig. 15(b). 
According to boring data, the soil profile shows that there is a 
layer of silty sand (SM) with about 2 meters thick located at 
about 3 to 4 meters depth. As shown in Fig. 13(c) and (d), the 
SPT-N value of this layer is about 5 blow counts. The results 
(4 (b) 
Fig. 15. (a) A building settled uniformly by liquefaction 
and (b) a crack of sand boils at Huangtsuo 
Village in Datsun Town. 
of liquefaction potential analysis using the methods descrjbed 
above are shown in Table 1 (Zhanghua BH-5 and BH-3). The 
results show that the liquefaction risk of this site is ranged 
from low to high (except the result calculated from Arias 
intensity method). It is pretty matched the situation during 
ground shaking. The results also show that the liquefaction 
risks calculated from Arias intensity method are ranged from 
high to very high. It implies that the seismic energy of Chi-Chi 
Earthquake in this area is very large. 
In Yuanlin Town 
Yuanlin Town is also located at the western foothill of Bagua 
Mountain. It is the most serious liquefied area at the western 
foothill of Bagua Mountain. Lunya-Li is the most serious 
liquefied place in this town. The site is about 27.5 km away 
from the epicenter. The closest monitoring station is also 
located at Yuanlin Elementary School (TCUI 10). In Lunya-Li, 
houses or buildings tilted or settled, sand boiled hole, and in- 
filled drainage with boiled sand could be seen everywhere. 
Figure 16(a) shows a building settled and tilted. Figure 16(b) 
shows an old well settled due to liquefaction. The top of the 
well went down from 1 meter to 15 cm as shown in Fig. 16(b). 
The ground surface around the well was also subsided and 
cracked due to the soil liquefied. 
(4 (b) 
Fig. 16. (a) A building and (d) an old well settled settled by 
liquefaction at Lunya-Li in Yuanlin Town. 
According to boring data &own in Fig. 13(e) and (f), there is 
an upper layer of sand and silt with about IO meters thick. The 
sandy soils are fruitful of fines content (greater than 15%). 
The SPT-N value of this layer is below 10. The results of 
liquefaction potential analysis using the methods described 
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above are shown in Table 1 (Zhanghua BH-28 and BH-29). 
The result calculated from the CBC method shows that the 
liquefaction risk of this site is very high. Results calculated 
from the other methods except Arias intensity method show 
the risks are ranged from very low to low. The result 
calculated from the CBC method is more matched the 
situation during earthquake in this case. The reason may be 
due to the more detailed to consider the effect of fine content 
in the CBC method. The results show that the liquefaction 
risks calculated from Arias intensity method are also very high. 
It implies that the seismic energy in this area is extremely 
large (P, is greater than 50). 
In Shetou Town 
Shetou Town is also located at the western foothill of Bagua 
Mountain. The distance from the town to the epicenter is about 
23 km. The closest monitoring station is located at Nanya 
Elementary School (TCU138, 23.54 km away from the 
epicenter). The PGA is 202 gal in E-W component, and 207 
gal in N-S component. The major liquefied place is located in 
Shanhu Village. The groundwater level is very high in this 
village. Typical damages due to soil liquefied are shown in Fig. 
17(a) (a building settled and tilted) and Fig. 17(b) (sand boils 
in the room). 
(a) 
Fig. I7 (a) A building 
(b) 
settled and splited due to 
liquefaction and (d) sand boils in a room in 
Shanhu village, Shetou Town. 
The boring soil profile shown in Fig. 13(g) shows that the soil 
deposit is composed of sandy and gravelly soil. There is a silty 
sand layer of 1.5 m thick with a low SPT-N value of 6 at the 
depth of 4.3 m. The soil liquefaction may most possibly be 
triggered at this layer, The results calculated from various 
methods are shown in Table 1 (Zhanghua BH-40). As shown 
in the table, the results obtained from this site are similar to 
those from Yuanlin site. 
CONCLUSIONS 
According to the investigation in this study, the most serious 
soil liquefaction area was happened in Jungongliao in Nantou 
City. The major damages due to soil liquefaction induced by 
this earthquake includes settlements and tilts of buildings and 
structures, collapse or cracks of ground and concrete surface, 
landslides of river banks, etc. The methods used to evaluate 
the liquefaction potential agree well with the situation 
happened during this earthquake in Nantou cases, However, 
different results among the methods are obtained for Zhanghua 
cases. The result shows that the most proper method to 
interpret the site liquefied is the CBC method for its taking 
more consideration of fines content. The result also shows that 
the Arias intensity method is more conservative than other 
methods due to the lack of local ground vibration records. 
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